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Genetic architecture of long-distance migration
and population genomics
of the endangered Japanese eel

Yan-Fang Liu,1,2,3,4 Yu-Long Li,1,2,4 Teng-Fei Xing,1,2 Dong-Xiu Xue,1,2 and Jin-Xian Liu1,2,5,*
SUMMARY

The Japanese eel (Anguilla japonica), a flagship anguillid species for conservation, is known for its long-dis-
tance-oriented migration. However, our understanding of the genetic architecture underlying long-dis-
tance migration and population genomic characteristics of A. japonica is still limited. Here, we generated
a high-quality chromosome-level genome assembly and conducted whole-genome resequencing of 218
individuals to explore these aspects. Strong signals of selection were found on genes involved in long-dis-
tance aerobic exercise and navigation, which might be associated with evolutionary adaptation to long-
distance migrations. Low genetic diversity was detected, which might result from genetic drift associated
with demographic declines. Both mitochondrial and nuclear genomic datasets supported the existence of
a single panmictic population for Japanese eel, despite signals of single-generation selection. Candidate
genes for local selection involved in functions like development and circadian rhythm. The findings can
provide insights to adaptative evolution to long-distance migration and inform conservation efforts for
A. japonica.

INTRODUCTION

Long-distance migration, a phenomenon characterized by its spectacular nature, has been observed across various taxonomic groups

including avian, aquatic, mammalian, reptilian, and insect species. These migrations often span extensive lengths, ranging from thousands

to tens of thousands of kilometers.1 To accomplish these lengthy journeys, migrant species require the coordinated function of multiple traits,

including not only behavioral traits such as timing and orientation but also morphological and physiological traits such as efficient lipid meta-

bolism.2,3 It is well established that a significant proportion of phenotypic variance in migratory traits has a genetic basis.4 Although extensive

research on the evolution of long-distance migration in avian species has gained substantial insights into genetic mechanisms underpinning

migration,5 precise genetic mechanisms underlying these adaptive phenotypes remain largely unknown.

The evolution of the long-distance migration in the genus Anguilla has long fascinated biologists. Certain species within the genus, like

European and Japanese eels, undertake extensive catadromous reproductive migratory journeys that span thousands of kilometers to reach

their breeding grounds in the open ocean.6,7 Their offspring, in their initial stage as planktonic larvae known as leptocephali, depends on

ocean currents for transport to continental slopes. Following their metamorphosis into post-larval glass eels, they ultimately reach coastal

areas and enter rivers.8 After residing in rivers and estuaries for 5–15 years, yellow eels metamorphose into silver eels and migrate to the

spawning area to breed just once before dying.9 Unlike most migratory birds, anguillid eels migrate to the spawning area only once in the

whole life history. Without accompaniment of experienced parents as young birds, the inexperienced silver eels on their first (also last) migra-

tory journey to the spawning area in the remote open ocean have to find their way on their own. Despite heading toward a completely un-

familiar destination, they can reach the restricted spawning grounds, implying that migratory traits of anguillid eels like the sense of distance

and direction are genetically encoded. Despite the fascinating nature of these migratory patterns, the current understanding of the genetic

mechanisms that facilitate such long-distance migration of the anguillid eels remains limited.

The Japanese eel (Anguilla japonica) is a commercially valuable fish with high economic importance in East Asia; however, its stocks are

currently outside of safe biological limits. The estimated population of the Japanese eel is less than 10% of the 1970s level,10 and it was listed

as Endangered by the International Union for Conservation of Nature owing to habitat loss, overfishing, and other factors. Genetic diversity

and gene flow are important for evolutionary potential of population and species; higher levels of overall genetic diversity increase the likeli-

hood of persistence. As the Japanese eel has a wide distribution range across multiple countries including China, Japan, and Korea,11
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Figure 1. Results of functional genomics analyses for A. japonica

(A) Genome-based phylogeny illustrating the position of Anguilla among Actinopteri and the estimated divergence time from Clupeocephala. The Anguilla is

highlighted in blue, and the Clupeocephala is highlighted in orange.

(B) Alignments of amino acid sequences of five PSGs, exhibiting amino acid substitutions unique to the two anguillid species. Amino acids exclusive to Anguilla

are depicted in orange, whereas other amino acids at those positions are represented in blue.

(C and D) GO enrichment analyses of target genes in positive selection and gene family expansion analyses, respectively. The top 10 significantly enriched GO

terms [�log10 (p-value)] for the target genes are presented in cellular components (CC), molecular function (MF), and biological processes (BP).
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effective management requires coordinated, continent-wide management measures. In this context, clarifying genetic diversity and popula-

tion structure of the Japanese eel serves as a foundation for devising international conservation strategies. Despite numerous studies inves-

tigating the panmixia of A. japonica using different molecular markers, inconsistent results have been reported, potentially attributable to

limitations in genome coverage and sampling strategies in these studies.12–18

The delineation of genomic regions under selection is critical for analyzing selective pressures in natural populations and for distinguishing

adaptive genetic differences from neutral ones.19,20 Gene flow facilitated by dispersal can lead to genetic homogenization, negating the

potential for genetic differentiation across varied environments.20 Nonetheless, current population genomics research posits that despite

extensive gene flow, selection may act on specific loci, allowing them to evolve distinctly from the rest of the genome.21 The Japanese

eel, with its broad habitat range and presumed panmixia, offers a unique model for scrutinizing the interplay between gene flow and local

selection pressures. Such mechanisms have been corroborated in European and American eels,22,23 yet investigations into the Japanese eel

remain unexplored.

Here, we utilized comparative genomics and population genomics analyses to evaluate the evolutionary bases underlying the long-dis-

tance migration of the anguillid eels and population genetic characteristics of A. japonica. Firstly, we performed comparative genomics an-

alyses between the anguillid eels (A. anguilla andA. japonica) and othermembers of theClupeocephala (Table S1), which are characterizedby

nondiadromous or short-distance diadromous migration, to assess the evolutionary mechanisms underlying long-distance migration of the

anguillid eels. We then tested the panmixia hypothesis of the Japanese eel and measured its genetic diversity and demographic history by

utilizing a diverse array of polymorphic markers, encompassing whole mitochondrial genome, whole-genome single-nucleotide polymor-

phisms (SNPs), and structural variations (SVs). At last, we examined selection signatures among different populations of the Japanese eel

to assess whether locally adaptive differentiation is exhibited by spatially varying selection when gene flow is high.
RESULTS

Sequencing, assembly, and annotation of the chromosome-level genome

We presented a high-quality chromosome-level genome assembly for Anguilla japonica with integrated datasets generated by long-read

nanopore sequencing (83.25 Gb), short-read BGI sequencing (106 Gb), and chromatin conformation capture (Hi-C) (107.9 Gb)

(Tables S2–S4). We assembled a high-quality chromosome-level genome with a scaffold N50 and contig N50 of 56.41 Mb and 14.07 Mb,

respectively (Table S5). The genome assembly spans �1.004 Gb. Approximately 99.19% of the assembled genome sequences (996.6 Mb/

1004.7Mb) were anchored and oriented into 19 long pseudomolecules (Figure S1 in Supporting Information). We assessed the completeness

of the assembly using BUSCO (version 5.4.6)24 with actinopterygii odb10 database, obtaining a complete BUSCO score of 96% (C = 96%

[S = 87.4%, D = 8.6%], F = 1.4%, M = 2.6%, n = 3640 (C: complete [S: single-copy, D: duplicated], F: fragmented, M: missed, n: number of

genes), indicating a high level of completeness. A total of 28,296 genes were annotated with an average length of 16.2 kb, 23,517 of which

have functional assignments with public databases.
Comparative genomics analyses

Two analyses were conducted to investigate the evolutionary processes underlying the long-distance migration of the genus Anguilla.

Initially, genes under positive selection in the ancestor of two anguillid eels were detected by using the CodeML package in PAML.25 Sub-

sequently, we performedCAFE analysis using a clock-calibrated tree (Figure 1A) as input to identify the expandedgene families. A total of 625

genes that exhibited positive selection signals were discovered (Table S6), which were found to be enriched in 116 gene ontology (GO) terms

(Table S7). Among the 625 positively selected genes (PSGs), 30 PSGs were found to be associated with long-distance endurance exercise

(PNLIPRP1, HELZ2-5, etc.) and 9 PSGs associated with neurodevelopment, signal transduction, and long-term memory (RBP4, PARP1,

MACF1, etc.) (Table S6). Five of these 39 PSGs exhibit amino acid substitutions that are unique to the two anguillid species yet distinct

from those in Scleropages formosus and clupeocephala fishes (Figure 1B). Enrichment analysis of these PSGs highlighted GO terms related

to the high aerobic performance (e.g., ‘‘vascular endothelial growth factor receptor signaling pathway,’’ ‘‘protein ADP-ribosylation’’) and ner-

vous system activity (e.g., ‘‘activation of NF-kB-inducing kinase activity’’) (Figure 1C).

The CAFE analysis identified 20 gene families that were expanded in the two anguillid species (Table S8). Enrichment analysis of these

expanded gene families indicated that they were enriched in 25 GO terms (Table S9), which are related to nucleic acid synthesis (e.g., ‘‘nucleic

acid binding’’), autophagy (e.g., ‘‘scavenger receptor activity’’), fatty acid synthesis (e.g., ‘‘diacylglycerol binding’’), and nervous system activity

(e.g., ‘‘synaptic vesicle priming’’) (Figure 1D). Two expanded gene families (HELZ2 and LRP1) were associated with high endurance exercise

capacity. Two expanded gene families, MACF1 (Microtubule-actin cross-linking factor 1) and UNC13, were associated with migratory

navigation.
iScience 27, 110563, August 16, 2024 3
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Figure 2. Maps of sample collection sites, genetic diversity, and population demographic history of the Japanese eel

(A) Sampling locations. The circles indicate the 8 geographic locations where 218 individuals were collected. The right panel provides specific details about the

sampling conducted at different times, including different cohorts and arrival waves. Cohort analysis involved the collection of glass eels from four different

estuaries: Yalu River Estuary, Yangtze River Estuary, Pearl River Estuary, and Jinjiang Estuary. The samples of arrival wave analysis included the collection of

glass eels from two estuaries (Yangtze River Estuary and Jinjiang Estuary) during different months within the same cohort.

(B) The boxplot showing the median and distribution of individual heterozygosity. The horizontal line within each box represents the median, and the top and

bottom of each box indicate the 75th and 25th percentile. Reported p values are based onWilcoxon tests. ****p < 0.0001, *p < 0.05; ns, not significant (p > 0.05).

(C and D) Demographic history was inferred using the sequential Markovian coalescent (PSMC and SMC++methods), assuming a generation time of 6 years and

a mutation rate of 1 3 10�8. The result obtained from PSMC analysis with bootstrapping using the short-read BGI sequencing data (106 Gb) of a deeply

sequenced individual is presented in Figure 2C. On the other hand, the result obtained from SMC++ based on the resequencing data of all individuals is

displayed in Figure 2D. It is worth noting that the axes in the PSMC and SMC++ figures differ, as these two approaches capture variations in effective

population size across distinct time scales. The gray shading indicates the last glacial maximum (LGM).
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Genetic diversity and demographic history of A. Japonica

We performed whole-genome resequencing of 218 individuals across its range (Figure 2A, and Table S10). Read mapping to the reference

genome yielded a depth of coverage ranging from 7- to 22-fold per sample (Table S11). Variant calling identified 276.26 million SNPs before

quality filtering. After quality filtration, a collection of 5.47 million high-quality SNPs was retained (Figure S2). Analysis of nuclear genome se-

quences revealed a moderate level of nucleotide diversity (p) among bony fishes (p = 0.000966, Table S12). In comparison to European eel, a

Critically Endangered species, significantly lower levels of individual heterozygosity were observed in Japanese eel (p = 0.0000046, Mann–

Whitney U test), whereas no significant difference was detected between Japanese eel and American eel (Figure 2B). The average nucleotide

diversity of mitochondrial DNA for Japanese eel samples is 0.00176 (Table S13), which is low among bony fishes (Figure S7 and Table S23).

However, the mitochondrial haplotype diversity (Hd) is 1.000.

The PSMC analysis revealed a decrease in effective population size (Ne) during the last glacial maximum (LGM) (Figure 2C). Subsequently,

the Japanese eel experienced a demographic expansion, as confirmed by both PSMC and SMC++ analyses (Figure 2D). The SMC++ result

showed that the Japanese eel experienced steep demographic decline since approximately 10,000 years ago.
4 iScience 27, 110563, August 16, 2024
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Figure 3. Results of population genetic structure for Japanese eel

(A) Median-joining networks based onmitogenome sequences of 218 Japanese eels. Eachmitochondrial haplotype is represented by a circle, with the size of the

circle proportional to its frequency. The black lines along the branches indicate the number of mutational changes between different haplotypes. Haplotype

colors correspond to the sampling populations, as indicated in the legend.

(B) Principal-component analysis of 14 populations sampled at different geographical locations and times. The color scheme represents different populations.

(C) ADMIXTURE error results. The cv errors are plotted for K = 1–13, with the lowest cv error indicating the highest support at K = 1.

(D) Principal-component analysis of 218 Japanese eels using CNVRs.
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Population structure

To assess the genetic structure across the range of Japanese eel at temporal and spatial scales, we conducted population structure analyses

based on multiple types of genetic markers using 218 specimens collected from various locations and times (Figure 2A). Based on mitochon-

drial genome, pairwise FST values ranged from �0.028 to 0.049, and none of them were statistically significant after applying the Benjamini-

Hochberg (BH) correction (Table S14). The mitochondrial haplotype network also indicated that there was no detectable structure among

populations (Figure 3A). When analyzing nuclear genomic data, FST estimates remained consistently low and nonsignificant across all com-

parisons, ranging from 0.0167 to 0.0216 (Table S15), indicating genomic homogenization by high levels of gene flow. To assess genetic re-

lationships among individuals, principal-component analysis (PCA) was conducted using pairwise genetic distance, which indicated that all

individuals were grouped into a single cluster (Figure 3B). Admixture analysis determined that K = 1 was the optimal number of clusters

(Figures 3C and S3).

The linkage disequilibrium network analysis (LDna) identified a total of 54 single-outlier clusters (SOCs) located on different chromosomes.

Analysis of PCA and heterozygosity for the SOCs indicated that 34 of the 54 SOCs were putative chromosome inversions (INVs), ranging from

0.12 to 6.6 Mb (Table S16 and Figure S4). However, they did not appear to segregate individuals into any subgroups (Figure S5). By intersect-

ing the results from cn.MOPS and CNVpytor, a total of 964 copy-number variant regions (CNVRs) were identified (Table S17). However, the
iScience 27, 110563, August 16, 2024 5
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Figure 4. GO enrichment analyses of target genes in outlier detection by pcadapt (A) and genome-environment association analysis (B), respectively

The top 10 significantly enriched GO terms [�log10 (p-value)] for the target genes are presented in CC, MF, and BP.
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PCA analysis with CNVRs showed that all individuals were grouped into a single cluster (Figure 3D). Additionally, PCA analyses of the top five

CNVRs with the highest VST values yielded similar results (Figure S6). These results indicated the lack of population differentiation, reinforcing

the overall observation of spatial and temporal stability of genetic homogenization and providing strong support for the panmixia hypothesis.

Local selection

We employed two different approaches to detect genomic signatures of selection: outlier detection using pcadapt26 and genome-environ-

ment association using latent factor mixed models (LFMMs).27 Through the outlier-based test, we identified 1,916 candidate SNPs after Bon-

ferroni correction with a stringent threshold (alpha = 0.0001). Of these, 884 SNPs potentially affect the transcribed region (UTR, exons or in-

trons) with 22 SNPs in UTR, 61 SNPs in exons, and 801 SNPs in introns. We identified 1,598 candidate genes (Table S18), such as CRY1,DKK3,

and APC2, which were found to be enriched in 88 GO terms related to oxidative stress response, energy metabolism, signal transduction and

development (Figure 4A and Table S19). Moreover, using gene-environment association analysis, we examined eight ecologically relevant

environmental factors as potential predictors of natural selection on the genome. The environmental factors encompassed latitude, longi-

tude, and the average sea surface temperature over a 10-day, 30-day, and 3-month period preceding the sampling at the estuary. We

also considered the average estuarine sea surface temperatures for the same time intervals over three years before the sampling date

(Table S20). We found 96 SNPs significantly associated with these environmental variables (FDR = 0.01) (Table S21). Among these, 93

SNPs were associated with longitude, 2 SNPs with latitude, and 1 SNP with the average estuarine sea surface temperatures 10 days before
6 iScience 27, 110563, August 16, 2024
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the sampling date over three years. Of the 96 outlier SNPs, we located 63 SNPs associatedwith 102 known genes, with 1 SNP in UTR, 3 SNPs in

exons, and 40 SNPs in introns. Enrichment analysis showed that the overrepresented GO terms were associated with energy metabolism,

signal transduction, and development (Figure 4B and Table S22).
DISCUSSION

Adaptive evolution of genes involved in enhanced endurance capability and navigational localization

To undertake lengthy journeys, migrants have evolved remarkable capabilities for long-distance endurance exercise. These evolutionary ad-

aptations might be associated with changes in physiological processes including lipid storage and metabolism, autophagy, cardiovascular

system maintenance, and antioxidant stress response.3,28,29 Genes involved in lipid metabolism processes, such as PNLIPRP1 (Pancreatic

lipase) and CD36 (Platelet glycoprotein IV), were identified as PSGs and exhibit amino acid substitutions that are unique to the two anguillid

species yet distinct from those in Scleropages formosus and clupeocephala fishes. PNLIPRP1 is expressed in the pancreas and serves as a

lipase inhibitor, and deactivating this gene experimentally in knockout mice resulted in increased lipase activity and led to a greater accumu-

lation of body fat.30 The selective loss of this gene is also associated with herbivores’ efficient digestion of fatty acids.31 The other PSG related

to fatty acid metabolism, CD36, plays a critical role in the uptake of fatty acids, as demonstrated in CD36-null mice,32 which manifested

impaired cellular fatty acid uptake in cardiomyocytes, skeletal muscle, and adipose tissues.33,34 Svedäng and Wickström35 proposed that

the initiation of catadromous reproductive migration of anguillid eels to spawning grounds is dependent on adequate lipid stores. The fat

storage of migrating eels can amount to up to 30% of body weight.36 As highly fecund broadcast spawning fish, eels rely on high fat reserves

for egg production. In addition, during reproductive migration, anguillid eels rely solely on their fat reserves for energy supply as they do not

feed.11 Therefore, the positive selection of these two genes could potentially be associated with the unique mechanisms of fat accumulation

and fatty acid uptake of the anguillids, which may be critical for lipid accumulation in the pre-migration stage and successful migration. The

other three PSGs with amino acid substitutions unique to anguillid eels are RNASEH2A, MLH1, and EPG5. The RNASEH2A and MLH1 are

associated with antioxidant stress response.37,38 Studies on rainbow trout and European eels have established a positive correlation between

oxygen consumption and free radical production.39 Oxidative stress occurs due to an imbalance between free radical production and the

capacity of antioxidant defense mechanisms.40 Therefore, to adapt to oxidative stress and DNA damage induced by extended migrations,

migrating anguillid eels are likely to have undergone evolutionary change in antioxidant defense and DNA-repair-related genes. The EPG5

gene is associated with autophagy,41 which is induced following fasting in glass eels and zebrafish,42,43 and autophagy also plays a role in

extracellular lipid generation process in rainbow trout.44 These findings suggest that the autophagy-related gene EPG5 may play a crucial

role in lipid synthesis and fasting-induced autophagy during the long-distance migration of anguillid eels. Two expanded gene families

(HELZ2 and LRP1) were associated with high-endurance exercise capacity. The low-density lipoprotein-receptor-related protein 1 (LRP1) par-

ticipates in lipid metabolism and energy homeostasis through the endocytosis of apolipoprotein-E-containing lipoproteins and modulation

of cellular proliferation signals.45 HELZ2 (helicase with zinc finger 2) acts as a coregulator of peroxisome proliferator-activated g (PPARg),

which is considered essential for adipocyte differentiation and has a significant impact on lipid and glucose metabolism.46,47

To accomplish lengthy migrations, migratory animals have developed sophisticated abilities to detect various sensory cues, integrate

these signals within their nervous systems, and utilize them as part of highly efficient navigation strategies.48–50 Therefore, long-distance mi-

grants may exhibit evolutionary adaptations on genes involved in navigational localization. One promising candidate gene is RBP4 (retinol-

binding protein 4), which acts as a neurite-sprouting factor and is essential for optic nerve regeneration. The optic nerve links retinae (photo-

receptive organs) to the brain, which have been proposed as potential sites of magnetoreception.51 RBP4 is a differentially expressed gene in

the brain of rainbow trout after exposure to a magnetic pulse that disrupts magnetic orientation behavior.52 Both adult eels and glass eels

have been shown to possess a magnetic compass.53,54 Glass eels were shown to use the intensity and inclination of the magnetic field, poten-

tially forming a bicoordinate map,55 allowing them to determine their position with fine spatial resolution. The positive selection of the RBP4

gene could be associated with the navigation of the anguillid eels based on a magnetic compass. Additionally, in the Northern Wheatear

(Oenanthe oenanthe), a long migratory bird, RBP4 was found to be differentially expressed in the brain at three different migration stages.56

Overall, these findings suggested that RBP4 might be a key gene in the long-distance navigation of anguillid eels. Another important nav-

igation-related PSG is PARP1 (polyADP-ribose polymerase 1), which plays an important role in long-term memory formation in sea slugs

andmice.57,58 Long-termmemory genes have also been demonstrated to exhibit higher levels of activity in the long-distance migratory pop-

ulations of peregrine falcons (Falco peregrinus).59 Previous studies suggest that the incredible long-distance migration of anguillid silver eels

might be guided in part by a geomagnetic sense.54 Glass eels utilize their magnetic compass to memorize the magnetic direction of currents

at their estuarine recruitment sites and establish and retain a magnetic memory of the water currents’ direction,60 suggesting that PARP1may

be involved in the magnetic direction memory process during the long-distance migration of anguillid eels. Adaptive divergence of PARP1 is

also found between migratory and sedentary ecotypes of caribou (Rangifer tarandus),61 further emphasizing the aforementioned inference.

Moreover, PARP1 has also been demonstrated as a circadian rhythm gene in humans andmice.62,63 Indeed, anguillid eels exhibit diel vertical

migrations on their route to the spawning ground, occupying deeper depths in the lowermesopelagic layer during the day andmoving to the

shallower waters in the uppermesopelagic layer at night, implying a strong circadian rhythm.64 Cresci et al.65 demonstrated that themagnetic

compass system of glass eels is also linked to a circatidal rhythm. Therefore, we propose that PARP1may serve as a pleiotropic gene involved

in the regulation of circadian rhythms and long-termmemory formation during themigration of anguillid eels. Two gene families,MACF1 and

UNC13, exhibited expansion and were associated with migratory navigation.MACF1 is involved in multiple neural processes, such as neurite

outgrowth and neuronal migration, and has a neuroprotective role in the optic nerve.66 It is also differentially expressed at three different
iScience 27, 110563, August 16, 2024 7
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migration stages of Swainson’s thrushes (Catharus ustulatus), a long-distance migratory songbird.67 The optic nerves have been proposed as

potential sites of magnetoreception,67 suggesting that MACF1 may be involved in the magnetosensitivity process of anguillid eels.

The origin of long-distance migration of anguillid eels may have been triggered by environmental factors such as primary production and

oceanic condition. The catadromous life histories of anguillid eels might originate from tropical regions. Ancestral tropical anguillid eels

might have incidentally visited estuaries, eventually gaining a reproductive advantage due to higher primary production in estuaries and sub-

sequently in freshwater.68 The ancestral state of catadromous migration in the genus Anguillamight has been local and short scale. With the

accidental drifting of larvae through global circum-equatorial currents and prolonged larval stages, temperate anguillid eels could expand

their oceanic migration and migrate thousands of kilometers from their spawning areas to coastal and inland aquatic habitats while retaining

their spawning areas in tropical regions, resulting in the long-distance migratory life history.68 The selective signals detected in our study may

represent genetic adaptations of anguillid eels to the long-distance migration, suggesting that genes related to long-distance aerobic ex-

ercise and navigation play a crucial role in the long-distance migration.

Genetic diversity, demographic history, and population structure of A. japonica

Analysis of nuclear genomic sequences revealed a moderate level of nucleotide diversity (p = 0.000966) among bony fishes, which is lower

than in Atlantic herring (Clupea harengus), a high gene flow species.69 However, the level of mitochondrial nucleotide diversity of the Japa-

nese eel is low among bony fishes. Therefore, compared to nuclear genome, the mitochondrial genome exhibits a lower level of nucleotide

diversity among bony fishes. Thismay be attributed to the small female effective population size of mitochondria, which allows them to reflect

the decrease in genetic diversity resulting from population decline more quickly. The Japanese eel exhibits a high mitochondrial haplotype

diversity (Hd = 1.000). Although the high haplotype diversity observed is possibly a result of analyzing complete mitogenomes, a high mito-

chondrial haplotype diversity of 0.9988 was also observed by analyzing the control region sequences only, with 206 haplotypes identified

among 218 individuals. The high mitochondrial haplotype diversity and low nucleotide diversity might indicate that the Japanese eel popu-

lation has experienced an accumulation of mutations in a rapidly expanding population following a bottleneck event.

The results of demographic analyses support the aforementioned inference. The demographic analyses indicated that Japanese eel expe-

rienced a decrease in Ne followed by population expansion after the LGM. Similar patterns of high haplotype diversity and low nucleotide

diversity are also observed in some freshwater fishes such as three-spined stickleback (Gasterosteus aculeatus)70 and Taiwan shovel-jaw

carp (Onychostoma barbatulum),71 indicating that populations of these freshwater fishes might have been largely affected by fluctuations

in freshwater habitats during the LGM. Japanese eel spends most of its life history in freshwater habitats for growth and development,

and its demographic history might also be affected as those freshwater species.

The Japanese eel experienced steep population decline since approximately 10,000 years ago, and similar trajectories have also been

observed in other endangered aquatic animals.72,73 The SMC++ estimates suggested that the Ne of the Japanese eel has been less than

2,000 in the last 200 years. At present, there is no formal agreement on when the Anthropocene started, with proposed dates ranging

from before the end of the last glaciation to the 1960s.74 Therefore, the decline in Ne of the Japanese eel may be associated with anthropo-

genic impacts during the Anthropocene. The investigation conducted across 18 rivers and 9 lakes in Japan identified a significant correlation

between the revetment of shorelines and reductions in eel catch rates.75 Notably, Briand et al.76 reported that fisheries in the Vilaine River

estuary could be responsible for depleting up to 99% of the European glass eel stock. Additionally, other anthropogenic activities, including

pollution, habitat degradation, and river obstructions, have also been implicated as contributing factors to the decline of Japanese eel

population.77

The relatively low genetic diversity detected inA. japonicamight result from genetic drift associated with demographic decline in the LGM

and Anthropocene. Based on the formula p = 4Nen, with a mutation rate n per sequence,78 we can estimate changes of genetic diversity for

the Japanese eel through changes inNe inferred from PSMC and SMC++ analyses. According to the PSMC results,Ne dropped from 65,000

to 58,000 around the LGM, suggesting a decline in genetic diversity of approximately 10.8%. The averageNe declined sharply from 98,805 to

1,887 in the past approximately 8,500 years, suggesting a 98.1% decline in genetic diversity (Table S24).

The controversy regarding the panmixia hypothesis of the Japanese eel has been long-standing. Our results are consistent with some pre-

vious findings based on microsatellites,15 mitochondrial fragments,16,17 and RAD sequencing data,13 validating the panmixia hypothesis of

the Japanese eel using various markers from whole-genome sequence data and a comprehensive sampling strategy.

Single-generation signatures of selection

When gene flow is high, strong selective pressures often result in the divergence of specific target genes directly (i.e., direct selection without

hitchhiking), as demonstrated in this study. This is consistent with the findings in European and American eels.22,23 However, in Japanese eels

characterized by apparent panmixia and lack of evidence for large-scale habitat choice, spatially variable selection effects are inevitably

erased at the next generation, precluding local adaptation. Within generation selection will cause considerable mortality each generation.

Although there is no relevant data on glass eel mortality rates in Japanese eels, given that the mortality rate of American glass eels is

99.95%,79 it is likely that single-generation selection may occur in Japanese eel, leading to shifts in allele frequencies at certain loci within

just one generation.

The selection of the circadian rhythm-regulating gene CRY1 in Japanese eel, possibly in response to latitudinal photoperiod variances,

parallels the selection of circadian rhythm-regulating gene in European eel,23 albeit via distinct genes, likely due to genetic redundancy. Se-

lection also appears to act on developmental genes integral to regulation of the Wnt pathway like DKK3 and APC2, which is crucial in
8 iScience 27, 110563, August 16, 2024
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morphogenesis and organogenesis.80 Variations in larval duration among glass eels reaching different estuaries were found across the dis-

tribution,81 and the observed selection of the developmental genes may be associated with these variations among different populations.

The resilience of a species depends on its vulnerability to environmental changes, which can lead to genetic (local adaptation) or plastic

(phenotypic plasticity) responses.82 Acknowledging the role of phenotypic plasticity in enabling eels to cope with environmental heteroge-

neity,83 this study reinforces the importance of spatially varying selection, even under high gene flow conditions, as found in European and

American eels.22,23

Conclusion

Some species in the genus Anguilla exhibit long-distance migration, marking the furthest recorded migration distance among bony fishes.7

However, our understanding of this remarkable migration is still limited. Previous studies on long-distance migration of anguillid eels have

mostly focused on macroscopic exploration.8,84,85 In this study, we presented a chromosome-scale genome assembly for A. japonica and

conducted comprehensive comparative genomic analyses, which provided valuable insights into the genetic mechanisms underlying the

remarkable long-distance migration of the anguillid eels. Both genes involved in adaptation to high-intensity aerobic exercise (PNLIPRP1,

HELZ2-5, etc.) and genes associated with the navigation (RBP4, PARP1, MACF1, etc.) are found with signals of adaptive change, indicating

their important role in the evolution of long-distance migrations.

Through extensive population genomics analyses, we provide insights into the demographic history and have assessed the level of genetic

diversity, population structure, and local selection of the Japanese eel. Relatively low genetic diversity and high level of haplotype diversity

were detected, possibly resulting from genetic drift associated with demographic decline in the LGM and the following accumulation of mu-

tations together with population expansion. Moreover, demographic history analysis indicated a low effective population size of Japanese eel

over the past 200 years, possibly reflecting population declines due to anthropogenic activities. Using various markers from whole-genome

sequence data and a comprehensive sampling strategy, comprehensive and solid evidence was found supporting the panmixia hypothesis of

the Japanese eel. Despite the homogenized genome of A. japonica resulting from high levels of gene flow during spawning and larval trans-

portation, selective signals among populations were detected, implying single generation selection. The candidate genes for local selection

constituted a wide array of functions, including development and circadian rhythm (CRY1, DKK3, APC2, etc.).

These findings provided a theoretical framework to support conservation andmanagement efforts for the uniqueAnguilla species. First, as

the Japanese eel is a large panmictic population, global solutions are warranted, which should involve coordinated international manage-

ment addressing each source of anthropogenic pressure, not a uniform set of management measures across its distribution range. Second,

genetic diversity and historical demographic analyses of Japanese eel indicated that human activities might have exacerbated the decline in

Ne and genetic diversity. Although it is challenging to separate the relative effects of various anthropogenic pressures in the population

decline, it is important to develop tools and methods to monitor and quantify their effects in the future. Specific fishery management mea-

sures include restricting the input of eel seeds into aquaculture ponds, introducing a licensing system for eel aquaculture, limiting the fishing

season duration, and implementing gear restrictions to mitigate fishery impacts on eel stocks. Human activities disrupt migration most

notably through the construction of dams and other structures and chemical contaminants that mask the odors eels used to identify their

home streams. Management measures may involve dam removal, installation of eel ladders, reducing chemical discharges, and removing

contaminated sediments.

Limitations of the study

We have presented a high-quality assembly of the Japanese eel, identifying candidate genes potentially associated with evolutionary adap-

tations to long-distancemigrations, as well as candidate genes for local selection in Japanese eels. Nevertheless, further evidence is required

to establish the functional roles of these genes. However, validating the genes potentially associated with long-distancemigration in the Jap-

anese eel is nearly impossible for several reasons: (1) the long-distance migration of anguillid eels is associated with multiple genes, and cur-

rent functional verification experiments are more feasible for single gene (such as knockout), whereas multigene functional verification is less

feasible; (2) the Japanese eel is a non-model species, making experimental validation inherently challenging. Moreover, the trait of anguillid

eels studied in this research, the long-distance migration, poses significant challenges in experimental design for functional validation. In

model species like mice and zebrafish, which do not exhibit long-distance migration behaviors, it is impossible to experimentally validate

the function of these genes.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jin-Xian Liu

(jinxianliu@gmail.com).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� The sequencing data that support the findings of this study have been deposited at NCBI Sequence Read Archive (SRA). They are pub-

licly available. Accession numbers are listed in the key resources table.
� All original code has been deposited at GitHub and is publicly available. DOIs are listed in the key resources table.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Source organisms

This study was approved by the Animal Care Quality Assurance of the Institute of Oceanology, Chinese Academy of Sciences. The Japanese

eel samples were collected legally and in accordance with the Animal Care and Use Ethics policy of the Chinese Academy of Sciences. Two

yellow eel sampleswere used forONT, BGI, andHi-C sequencing for genome assembly, while 218 glass eel sampleswere used for resequenc-

ing. The gender of the samples was not identified and specific ages were not determined.
METHOD DETAILS

Sampling for genome assembly

Two Japanese eels sampled from Qiantang River (Fuyang District, Zhejiang Province) in 2020 were used for de novo genome assembly.

Muscle tissue samples were immediately flash frozen in liquid nitrogen. High molecular weight DNA was extracted and isolated with

QIAGEN Genomic-tip 20/G kit. The integrity of the genomic DNA molecules was checked using 0.5% agarose gel electrophoresis.

NanoDrop and Qubit were used to assess the purity and quantity of dsDNA, respectively.
Genome sequencing and assembly

The BGI and ONT platforms were applied for genomic sequencing to generate short and long genomic reads, respectively. The ONT reads

were assembled into contigs using wtdbg2 v2.5.86 The assembly errors were corrected through two rounds of genome sequence polishing.

The RACON v1.4.1987 andMEDAKA v1.2.2 software were employed to polish the genome using long sequencing data, while the FREEBAYES

v1.3.488 software was used to polish the genome using short reads.
Hi-C library preparation, sequencing and assembly

To obtain a chromosome-scale genome assembly, a Hi-C library was constructed using muscle tissue. High-quality Hi-C fragment libraries

were sequenced using the BGI platform. The contigs were assembled into chromosome-level scaffolds using Juicer v1.689 and 3D-DNA

v180922.90We then used Juicebox v1.11.0891 to visualize and improve the assembly quality. The scaffoldswere gap filledwith next-generation

data using Pilon v1.23.92 The completeness of the genome assembly was evaluated using BUSCO (version 5.4.6) to search the genome against

the actinopterygii_odb10 database.
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Gene prediction and annotation

Repeat elements in the genome were soft masked before gene prediction. A de novo repeat library was constructed using RepeatModeler

v2.0.1,93 and repeats were identified using RepeatMasker v4.1.2.94

Three strategies based on ab initio, homologs, and transcriptome were applied to predict the protein-coding genes in the genome as-

sembly. Ab initio gene prediction was performed using Augustus v3.4.0,95 GeneMark v4.5.8,96 GlimmerHMM,97 and snap version 2006-07-

28.98 Homology prediction was performed on the UniProt teleost database using Exonerate v2.4.099 software. Transcriptomic data (SRA:

SRR1930110, SRR1930112, SRR1930117, SRR1930115) retrieved from NCBI were assembled using Trinity v2.11.0,100 and gene prediction

was performed using PASApipeline v2.3.3.101 Braker2 v2.1.5102 software was used for gene prediction by integrating transcriptome and ho-

mologous protein data. Finally, the above ab initio gene predictions, protein and transcript alignments were combined into weighted

consensus gene structures using EVidenceModeler v1.1.1103 accomplished by Funannotate v1.8.4.104

The Swiss-Prot/TrEMBL, Pfam-A, EggNOG, MEROPS, CAZYme, BUSCO, and InterProScan databases were utilized for the functional

annotation of the protein-coding genes using Funannotate v1.8.4 software.
Comparative genomic analyses

The protein sequences of nine species of teleost fish were downloaded from NCBI. Only the longest transcript was selected for each gene.

Orthologous groups were constructed by OrthoFinder v2.3.3105 with BLASTP. The OMM_MACSE pipeline106 was used to complete the next

several steps including nucleotide sequence alignment at the amino acid level with MAFFT,107 refining alignments to handle frameshifts with

MACSE v2, cleaning of non-homologous sequences and masking of erroneous/dubious parts of gene sequences with HMMcleaner.108

A phylogenetic tree was constructed with IQTREE v1.6.12109 and divergence times were estimated using MCMCTREE v4.9 of the PAML

package.25 TheMarkov ChainMonte Carlo (MCMC) procedure was performed using 10,000,000 iterations, 2,000,000 iterations burn-in, and a

sampling frequency of 100. The default settings of MCMCTREE were utilized for all other parameters and convergence was checked by two

independent runs. The divergence times of Amphiprion percula–Salarias fasciatus (64.5–107.2 million years ago [Mya]) and Amphiprion per-

cula–Polyodon spathula (345–372 Mya) from the TimeTree database129 were used as calibration points. Gene family expansion analysis was

performed using CAFE v5 with the estimated phylogenetic tree. P value < 0.05 was used to indicate significantly changed gene families. GO

terms enrichment for the expanded families were performed using the topGOR package.130 To detect positive selection signals, dN/dS ratio

(u) of single-copy orthologous genes in 8 species (without Polyodon spathula) was estimated with a branch-site model by the CODEML pro-

gram in software PAML 4.9. The ancestor of the two anguillid species was selected as foreground species and the other species as back-

ground species and PSGs were defined when the P value was less than 0.05. GO categories were assigned to orthologous groups for the

functional enrichment analysis and the enriched GO terms of the PSGs were assessed with a cutoff set at P < 0.05.
Population sampling and whole-genome resequencing

A total of 218 Japanese eel individuals (glass eels) were sampled from eight locations across the natural distribution for spatial analysis. The

recruitment of glass eels typically begins in late October and continues until June of the following year, constituting an annual cohort.131–133

For temporal cohort analysis, glass eels were collected from four different estuaries from two different cohorts (Yalu River Estuary, Yangtze

River Estuary, Pearl River Estuary, and Jinjiang Estuary). For each cohort, the arrival of glass eels usually occurs in distinct pulses, which are

defined as arrival waves. For arrival wave analysis, two arrival waves were collected from two estuaries (Yangtze River estuary and Jinjiang es-

tuary) in different months of the same cohort (Figure 2A).

The collected glass eels were preserved in 95% ethanol, and genomic DNA was extracted via standard phenol–chloroform protocol. Sub-

sequently, sequencing libraries were constructed with an insert size of approximately 350bp following Illumina’s standard protocol. Each

library was then sequenced on the Illumina Novaseq platform using 150-bp paired-end sequencing with a minimum depth coverage of

10x for each individual.
Extraction and assembly of mitochondrial genome

Mitochondrial genome sequences were assembled from the obtained resequencing data. Illumina reads were filtered using fastp 0.21.0.110

Filtered paired-end reads of each individual were aligned to the mitochondrial reference genome (GenBank: AB038556.2) using BWA-MEM

v0.7.17.111 All mapped reads were assembled into a consensus sequence for each individual using SAMtools v1.11.112 Sequences containing

confounding repetitive regions were manually corrected using Integrative Genomics Viewer (IGV) 2.10.0.113
Variant calling

The reads for each individual were mapped to the genome assembly (scaffolds not anchored into chromosomes were removed) using BWA-

MEM v0.7.17 with default parameters. Aligned BAM files were sorted, and PCR duplicates were marked using SAMtools v1.11. Further, reads

with a mapping quality < 15, alignment coverage < 30%, nucleotide identity < 95% or overall alignment length < 50 were filtered using a

customPerl script. SNPs callingwas then performed from all BAMfiles using BCFtools v1.11.112 Biallelic SNPswere selected and subsequently

filtered using an in-house Perl script based on the following criteria: (1) SNP were called in at least 90% individuals overall and 8 individuals for

each population, 2) coverage depth >= 6 and <=500, 3) SNP overall quality score >= 30, 4) SNP genotyping score >= 15, 5) observed
18 iScience 27, 110563, August 16, 2024



ll
OPEN ACCESS

iScience
Article
heterozygosity for each population <= 0.5, 6) global minor allele frequency (MAF) >= 0.05 orMAF>= 0.2 in at least one population. SNPs VCF

file was transformed into other formats using PLINK v1.90b6.7114 and in-house Perl script.
Basic statistics and population structure analyses for mitochondrial sequence data

DnaSP v5115 was used to calculate haplotype and nucleotide diversity andFST was estimatedusingArlequin.116 Themedian-joining haplotype

network was constructed and displayed using Population Analysis with Reticulate Trees (popart).117
Demographic inference

We utilized the PSMC software118 to infer the trajectory of the demographic history across time for the Japanese eel. Only reads being

uniquely mapped and having a mapping quality score R 10 were retained. Additionally, sites with coverage depths ranging from 0.5-fold

to 2-fold of the mean were retained. The estimation parameters were set as follows: -N25 -t15 -r5 -p ’4+25*2+4+6’. Furthermore, we inferred

Ne histories from 218 resequencing genomes using SMC++.119 As demographic inference may be influenced by the selection of a distin-

guished individual, we selected the individual with the highest coverage in each population as the distinguished individual, while considering

the remaining individuals as ‘‘undistinguished’’. Both demographic analyses used a mutation rate of 13 10–8 per site per generation134 and a

generation time of 6 years for Japanese eel.135
Basic statistics and population structure analyses for nuclear sequence data

Nucleotide diversity was measured over the entire genomewith 10 kb genomic bins (-window-pi 10000) using VCFtools v0.1.17.120 In order to

compare the genetic diversity among eels, the sequence data of 11 European eels and 4 American eels were downloaded from NCBI

(Table S25 in Supporting Information). We calculated the individual heterozygosity of the Japanese eel, European eel, and American eel

by dividing the number of heterozygous sites by the total number of sequenced sites for each individual, after applying a filtering process

based on depth and quality of the sites (coverage depth >= 6 and < twice the average depth, SNP overall quality score >= 30). For the

subsequent analyses of genetic structure, a thinned dataset obtained using the ’–thin 1000’ option in VCFtools was utilized. We ran Stacks’

populations module121 to calculate pairwise FST. To examine genetic structure among populations, we performed a PCA using GCTA soft-

ware122 and visualized the results using ggplot2 v3.3.5 R package.136 In addition, we used ADMIXTURE software123 to infer the number of

ancestral populations, with K ranging from 1 to 13, and then determined the optimal K using StructureSelector.124
Putative SVs identification

We employed the LDnamethod implemented in the R package LDna137 to detect putative INV regions. The LD (r2) values between SNP pairs

were individually calculated for each chromosome using VCFtools. The SNP datasets were thinned to 1 SNP per 1000 base pairs, and only

those with MAF > 0.1 were retained. The resulting r2 matrix was used as input for LDna. Only SOCs with R 30 SNPs and a high median

LD (r2 R 0.3) were retained. The sizes of each SOC were defined as the extreme positions of the SNPs included in them, and were used in

downstream analyses.

Genomic regions with suppressed recombination between arrangements due to INVs are expected to exhibit three distinct karyotypes

among individuals, namely AA (homokaryotypes for reference arrangement), AB (heterokaryotypes with both reference and alternative ar-

rangements), and BB (homokaryotypes for the alternative inverted arrangement). The AB group should have the highest heterozygosity

when compared to the homokaryotypes. Thus, three groups will be separated along the axis of PC1 of PCA based on all SNPs within an

LD cluster for INVs. We confirmed chromosome INVs by conducting heterozygosity and PCA analyses for each SOC identified by LDna.

The karyotype of each individual was determined using the ’k-means’ algorithm in R (R Core Team 2021).

We utilized two ReadDepth (RD)-based programs cn.MOPS125 and CNVpytor126 to detect CNVs in the Japanese eel genomic data. Firstly,

R package cn.MOPS was employed with default parameters except for a window size of 750bp to identify CNVs. Secondly, CNVpytor was

used with a WL of 2000bp as suggested,125 considering that the sequences had approximately 10x coverage. The CNV calls were filtered

using a criterion of P-value < 0.001 and q0 (zero mapping quality) < 0.5. Finally, the script ’CNV_overlap.py’ available on GitHub127 was em-

ployed to define CNVRs based on 50% reciprocal overlap between filtered CNVs. To reduce false positive calls, only the CNVRs identified by

both methods and detected in more than three individuals were retained for downstream analyses.

PCAwas conducted to group individuals based on their similarities in CNVRs.We developed a scoringmatrix for the CNVRs by assigning a

value of ’0’ or ’1’ depending on the presence or absence of any mapped CNV in the corresponding CNVR. We used the VST measurement,

which is derived from FST, to identify loci that differentiate between populations. Both VST and FST consider how genetic variation is distrib-

uted at the individual, population, and global levels, with values ranging from 0 (no population differentiation) to 1 (complete population

differentiation). The VST was calculated at the SNP level using the equation: VST = ðVtotal � ½Vpop1 3 Npop1 +/ +Vpopn 3

Npopn� =NtotalÞ=V total, where Vtotal refers to the total variance, Vpop is the average variance for each population, Npop is the sample size

for each population, and Ntotal is the total sample size. We averaged the SNP VST values within a given CNVR to obtain a mean VST value

for each CNVR.We subsequently identified the top five CNVRswith the highest VST values as potential CNVRs. Based on the VCF files of these

five CNVRs, we performed PCA to investigate whether individual CNVR contribute to population stratification.
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Detection of selection signatures

We used two methods to detect selection signatures. First, pcadapt was used to detect outlier SNPs. To identify a reliable set of candidate

SNPs showing a high correlation with informative PCs, we used the Bonferroni correction to adjust the P value and a stringent threshold

(alpha = 0.0001) was used. LD clumping was employed using a window size of 200 SNPs and a squared-correlation coefficient threshold

of 0.1.

Second, we used a genome-environmental association method called LFMM to identify SNPs significantly associated with environmental

variables while considering the confounding effect of population structure as latent factors. P values were adjusted using an empirically deter-

mined genomic inflation factor while controlling the FDR at 1%. The environmental factors examined included latitude and longitude in de-

grees, as well as the sea-surface temperature at the estuary. The sea-surface temperature was averaged over three different time intervals:

10 days, 30 days, and 3 months leading up to the sampling. Additionally, we considered the average sea surface temperatures for the same

time intervals three years before the sampling date (Table S12). Sea-surface temperature were obtained from the IRI (International Research

Institute for Climate and Society) Climate Data Library (http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.OISST). The SnpEff128 was

used to annotate and predict the functional effects of variants.
QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative and statistical analyses were performed using the R computational environment and relevant packages. The boxplot in this

paper was generated using the ggboxplot() function from the ggpubr R package. Each point represents a single sample. The horizontal line

within each box represents the median, while the top and bottom of each box indicate the 75th and 25th percentiles, respectively. The Wil-

coxon test was applied to assess the significance of differences using the compare_means() function. A chi-squared test was used to deter-

mine statistical significance in positive selection analysis. ****P < 0.0001, *P < 0.05, ns not significant (P > 0.05). For PCAdapt analysis, P values

were adjusted using Bonferroni correction. For the genome-environmental association analysis, P values were FDR-adjusted using the

Benjamini-Hochberg method, controlling the FDR at 1%.
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